Abstract: An analysis of optical injection on a gain-switched DFB laser and its impact on pulse parameters that influence the performance of the pulse source in high-speed optical communication systems is presented in this paper. A range of 10 GHz in detuning and 5 dB in injected power has been experimentally identified to attain pulses, from an the optically injected gain-switched DFB laser, with durations below 10 ps and pedestal suppression higher than 35 dB. These pulse features are associated with an SMSR of about 30 dB and a timing jitter of less than 1 ps. This demonstrates the feasibility of using optical injection in conjunction with appropriate pulse compression schemes for developing an optimized and cost-efficient pulse source, based on a gain-switched DFB laser, for high-speed photonic systems.
Introduction
Semiconductor lasers are key components to develop short optical pulse sources suitable for applications such as optical Return-to-Zero (RZ) transmitters (used at its base repetition rate or temporally multiplexed in the optical domain to achieve higher capacities), optical signal processing, optical clock recovery and signal regeneration, high bit rate optical sampling, optical impulse response investigations, optical analogue-digital (A-D) conversions, high-speed optical interconnects etc. The most common, amongst the given range of applications, is its use as an RZ transmitter to achieve terabit per second photonic communication systems by exploiting the technique of OTDM [1] to form hybrid WDM/OTDM [2] . However, one of the major problems associated with the reduced channel spacing and increased line rate is the more stringent characteristics that are imposed on the transmitter performance in terms of repetition rate, pulsewidth, jitter, side mode suppression ratio (SMSR), temporal pedestal suppression ratio (TPSR or extinction ratio) and chirp. For instance, a return-to-zero (RZ) optical transmitter designed to achieve satisfactory performance in a ≥ 40 Gb/s photonic communication system, needs to be capable of generating pulses with repetition rates of at least 10 GHz [3] , pulsewidths of <8 ps (duty-cycle of ~1/3) [4] , SMSR of at least 30 dB [5] , TPSR greater than 30 dB [6] and a negligible chirp (transform-limited) [7] . Therefore, the design of an optimum optical transmitter is crucial, in that it has to be capable of generating pulses with adequate temporal and spectral purity for acceptable operation in high-speed optical communication systems.
Picosecond pulse generation can be accomplished with many different techniques such as external modulation of a continuous-wave light signal [8] , gain switching [9] , and mode-locking [10] - [12] . In comparison to gain switching, active mode-locking requires expensive and complex techniques but is superior concerning the amplitude, timing jitter and the minimum width of the obtainable pulses. Relative to the rest of the techniques mentioned above, gain switching of a DFB laser is readily recognized to be an uncomplicated, robust and reliable technique [13] , [14] . While the advantages in employing the gain-switching technique are numerous, it suffers from a few drawbacks such as a degraded SMSR and a relatively large temporal jitter exhibited by the generated pulses. The significant reduction of the SMSR under gain-switching conditions is due to the large fluctuations in the photon density (caused by the laser being pulled below threshold), which result in the side modes of the laser being strongly excited. As a consequence, the SMSR of a GS DFB laser can be 25 dB lower in comparison to the usual SMSR (>30 dB) exhibited by DFB laser under continuous operation. The temporal jitter, on the other hand, could be mainly attributed to spontaneous noise and pulse turn on dynamics [15] , [16] . Self-seeding [17] and external optical injection [18] - [21] have been demonstrated to be the most effective solutions to improve both the poor timing jitter and the SMSR of the generated pulses. However, external injection is advantageous in comparison to self-seeding, in that it does not require any adjustment of the repetition frequency or external cavity length. Furthermore, the possibility of being able to improve laser the bandwidth and reduce the chirp has resulted in injection locking of semiconductor lasers being actively investigated over the past decade [22] - [25] .
In this paper, we propose to extend on the different works that have been published on the use of external optical injection to enhance the modulation bandwidth, reduce the chirp and optimize the timing jitter and the SMSR of GS DFB pulse sources by presenting an experimental study of the impact of optical injection on the other key parameters (pulsewidth, TPSR and frequency chirp) for high-speed optical communications. To the best of our knowledge, this is the first time that the effects of external injection on a gain-switched pulse source has been characterized as regards the evolution of pulsewidth, height of pedestals and shape and magnitude of the chirp.
Experiments

Experimental set-up:
The experimental setup used for this study is shown in Fig. 1 . All of the components, up to the output of the circulator, are pigtailed and the fiber used is polarization-maintaining (PM) so that the polarization of the injected field is controlled to ensure a constant coupling. However, since the coupling fiber of the packaged slave laser is not PM, a polarization controller is used to align the polarization of the injected light onto the polarization of the laser field. The set-up used permits excellent reproducibility of the results. The illustrated experimental set-up essentially consists of a master-slave laser configuration of two lasers: the optical output signal of the first laser, known as the master laser (ML), is injected into the second gain-switched laser, called the slave laser (SL). The ML used is a commercially available, single mode tunable external cavity semiconductor laser, with a precision of 1 pm (125 MHz at 1550 nm). Its maximum output power of about 3 mW can be enhanced via a PM optical amplifier that exhibits a gain of 23 dB. A high coefficient isolator (70 dB isolation) within this amplifier ensures unidirectional seeding from the master to the slave. The SL used is a commercially available NEL DFB laser contained within a hermetically sealed high-speed package that portrays a 3 dB bandwidth of approximately 20 GHz and emits a power of 4.7 dBm when biased at 3 I th . Gain-switching of the SL is carried out by applying an amplified electrical RF signal (at 10 GHz) in conjunction with a DC bias (2.5 I th ). The resulting pulses were generated at a wavelength of 1551.54 nm.
During the experiment, the working point of the slave laser is considered to be fixed and the control parameters of interest are the power of the injected field, P inj , and the frequency difference, or detuning ∆ν=ν M −ν S , between the slave (ν S ) and the master (ν M ) laser frequencies.
Experimental results are obtained under two different scenarios: (i) by fixing the detuning and varying the injected power with the aid of a programmable attenuator or (ii) by fixing the injected power and varying the detuning by changing the frequency of the ML. Signal characterization of the injected signal is carried out by using an optical spectrum analyzer characterized by a resolution bandwidth (RBW) of 0.07 nm (8.75 GHz at 1550 nm), an oscilloscope in conjunction with a high-speed detector and the technique of frequency resolved optical gating (FROG) [26] . A short pulse erbium doped fiber amplifier (EDFA), specifically designed for the amplification of pulses with durations in the order of 2 ps (FWHM), is used before the FROG measurement set-up to improve the signal-to-noise ratio of the measurement. This type of measurement allows an accurate characterization of the intensity and the chirp profile across the optical pulses from the gain-switched laser with and without external injection.
Improvement of the SMSR:
As explained in the introduction, the goal of this paper is not to focus on how the optical injection affects the SMSR of the GS pulse source, as it is a wellknown result [17] . However, in all experimental stages, the impact of optical injection on the pulsewidth, TPSR and the frequency chirp have been analyzed in an injection area where both the timing jitter and the SMSR of the pulse source matched the requirements (>30 dB) of highspeed optical communications systems. Fig. 2 presents the range of injected power and detuning where the gain-switched pulse source exhibits an SMSR of at least 30 dB. The timing jitter of this source remains below 1 ps in this zone as illustrated by Fig. 3, which displays the non-averaged oscilloscope trace of the detected pulse. When there was no light injected, the optical bandwidth (FWHM) of the degraded (multimode) spectrum and the SMSR were 1.1 nm and around 5 dB respectively. The improvement of the SMSR is then observed for positive detuning and high injection power (>4 dBm). The widest tuning range observed at a fixed injection power level of 13 dBm, to obtain an SMSR better than 30 dB, is 25 GHz (-7 to 18 GHz with respect to the gain peak mode of the slave laser).
However, from a practical point of view, an injection power around 7 dBm associated with a detuning of 20 GHz will be preferred since it offers a better stability (allowance for deviation).
In fact, a deviation range of 13 GHz in detuning (13 to 26 GHz) associated with a 6 dB range in injected power (4 to 10 dBm) is observed around this operating point. However, as previously reported for gain-switched Fabry-Pérot lasers under self-seeding [27] or optical injection [28] Error! Reference source not found., the SMSR improvement is accompanied by a narrowing of the optical spectrum. From Fig. 4 , one may notice that the spectral width monotonously decreases as the injecting power increases. The origin of this reduction of the spectral width can be attributed to the reduced threshold gain induced by the optical injection field [9] .
Pulsewidth and TPSR under optical injection:
The evolution of the pulsewidth under external injection is important since the pulsewidth of the source is one of the main parameters that limits the maximum bit rate achievable in OTDM systems. As previously mentioned, another vital parameter that may affect the usefulness of a short optical pulse source in a high- The free-running gain-switched laser is characterized by a pulse duration of around 7.5 ps without pedestals. But under optical injection, this pulsewidth increases with the augmentation of either the injected power or the detuning. From Fig. 5 (a) , we can say that a detuning under 20 GHz has low impact on both the TPSR and the duration of the pulses since the pulsewidth remains under 8.2 ps and the TPSR remains higher than 30 dB. At detuning higher than 20
GHz, the pulsewidth increases linearly with the detuning, (~0.12 ps/GHz), whereas the TPSR level decreases by -0.30 dB/GHz. permit the use of this source in practical OTDM systems. But if the source is subjected to higher levels of injection, then coherent interference noise will be introduced between the different multiplexed channels due to the level of the pulse TPSR, which will result in the introduction of transmission penalties.
Chirp reduction:
Another parameter that is vital as regards the transmission of RZ signals over fiber is the spectral quality of the pulse since frequency chirp across the pulse leads to the degradation of the performance of these pulses when used in practical optical communication systems [29] . Moreover, it is well known that the technique of gain-switching is associated with poor spectral purity of the generated pulses. The direct modulation of the laser diode causes a time varying carrier density in the active region of the device, which causes a variation in the output wavelength from the laser during the emission of the optical pulse. This results in a frequency chirp across the generated pulses. It has been demonstrated in the literature how this chirp can be used to compress the pulse using dispersion-compensating fiber [30] , linearly [31] and non-linearly [32] chirped fiber Bragg grating to obtain near transform-limited pulses.
However, these techniques, and in particular the latter, require a good knowledge of the shape and magnitude of the chirp. Chirp reduction under optical injection has been demonstrated in a transmission experiment by Mohrdiek et al. [33] via eye diagrams obtained with and without external optical injection. But these experiments give no indication on either the shape of the chirp or the sensitivity of this chirp to the variation of the injection conditions. We improve on this work by proposing a full characterization of this chirp reduction as a function of injection level and detuning, using FROG measurements. observations demonstrate that pulse compression of an externally injected GS pulse source can be achieved using one of the compression techniques previously mentioned. But the reliability of the achieved pulsewidth will be guaranteed if the injected power doesn't vary too much.
Discussion and Conclusion
The increase of bit-rate in all-optical communications systems relies on the development of cost-efficient short optical pulse sources with high spectral and temporal purity. Due to the simplicity and the reliability of the gain-switching technique, pulse sources based on GS DFB lasers are an attractive solution. Moreover, optical injection has been demonstrated to be an ideal technique to overcome the major drawbacks associated with the GS technique, which are principally a degradation of the SMSR and a high timing jitter. As a consequence, we can find in the literature, numerous papers on the impact of optical injection on SMSR and timing jitter improvement. However, pulsewidth, TPSR and frequency chirp also play a considerable role in the performance/usefulness of these sources when used in practical OTDM systems. The impact of external optical injection on these key parameters has been investigated in this paper.
The experimental analysis presented is realized within an injection area where the injected pulse source is characterized by an SMSR in excess of 30 dB and a timing jitter of approximately <1 ps. We established that about a 25 dB (from 5 to 30 dB) improvement of the SMSR can be observed within a large enough area to consider that optical injection can be part of a short optical pulse source used in real optical communications systems. In fact, a range in detuning of 13 GHz (from 13 to 26 GHz) associated with a 6 dB range in seeding power (ranging from 4 to 10 dBm) is observed around the injection point (20 GHz, 7 dBm). When the GS DFB pulse source is subjected to such optical injection, it is characterized by a pulsewidth below 10 ps and TPSR better than 30 dB (for a detuning between 15 and 25 GHz and an injection level ranging from 4 to 8 dBm). The broadening of the pulse, which results from a reduction of the spectral width and consequently a reduction of the magnitude of the frequency chirp, can be attributed the reduced threshold gain induced by the optical injection field [9] .
However, the remaining chirp across the pulse (~200 GHz) and its low sensitivity to reasonable variations of optical injection conditions ensure the possibility to compress the pulse. For example, in previous work [32] , we demonstrated the generation of 3.5 ps optical pulses that exhibited a time-bandwidth product of 0.45 by employing a tailor made non-linearly chirped fiber Bragg grating after an optically injected gain-switched laser. These features ensure that if such a compression scheme (or one equivalent) is used in conjunction with the appropriate optical injection regime, then these optically injected GS DFB pulse sources could be optimized for use in high-speed OTDM systems with bit rates in excess of 80 Gbit/s.
In conclusion, we provided a complete analysis of optically injected gain-switched sources, which is important in the development of picosecond pulse sources used for high-speed communications systems.
